
EFFECTS OF UNDERGROUND COAL GASIFICATION ON GROUND-WATER QUALITI 

J. H. Campbell and V. Dalton 

Lawrence Livermore Laboratory 
P.O. Box 808, Livermore, CA 94550 

J. Busby 
United S t a t e s  Geological Survey 

Cheyenne, Wyoming 

INTRODUCTION 

Although in - s i tu  coa l  g a s i f i c a t i o n  o f f e r s  important environmental advan- 
tages when compared with more conventional methods of c o a l  recovery ,  t he re  a r e  
c e r t a i n  environmental concerns t h a t  r equ i r e  c a r e f u l  eva lua t ion .  The poss ib i l -  
i t y  t ha t  undergound r eac t ion  products may cause adverse  changes i n  ground-water 
qua l i t y  is p a r t i c u l a r l y  important.  

c l a r i f y  t h e  na tu re  and s ign i f i cance  of t he  ground-water ques t ion .  This  program 
includes a l abora to ry  inves t iga t ion  of g a s i f i c a t i o n  r e a c t i o n  products and t h e i r  
i n t e r a c t i o n  with coa l ,  a modeling study of t h e  evolving plume of contaminated 
ground-water, and a ground-water sampling program a t  the s i t e  of an  i n - s i t u  c o a l  
g a s i f i c a t i o n  experiment. The g a s i f i c a t i o n  experiment was conducted i n  North-East 
Wyoming ( t h e  Hoe Creek s i t e )  by LLL. This paper is focused on the  r e s u l t s  of 
our water-sampling program assoc ia t ed  with t h e  "Hoe Creek I" g a s i f i c a t i o n  ex- 
periment and r e s u l t s  from recent  l abora to ry  experiments on ash leaching  and 
po l lu t an t  t r anspor t .  

The Hoe Creek g a s i f i c a t i o n  experiment(l9') was conducted i n  the  f a l l  of 
1976. The g a s i f i e d  coa l  seam (Fel ix  11) i s  25 f e e t  t h i ck  and l i e s  a t  a depth 
of 125 f e e t  - wel l  below t h e  s t a t i c  water l e v e l .  The F e l i x  I1 coal i s  an  
aqu i f e r ,  and is over l a in  by two a d d i t i o n a l  a q u i f e r s .  Although t h e  over ly ing  
aqui fe rs  a r e  a l s o  of importance environmentally,  t h i s  i n i t i a l  s tudy  is concen- 
t r a t ed  on the gas i f i ed  Fe l ix  I1 seam. 

The water-quali ty inves t iga t ions  have two o b j e c t i v e s :  F i r s t ,  to  de te r -  
mine the e f f e c t s  of in s i t u  coa l  g a s i f i c a t i o n  experiments on the  l o c a l  ground 
water and second, t o  l e a r n  t o  p r e d i c t ,  r e l i a b l y ,  t h e  ground-water e f f e c t s  t h a t  
may r e s u l t  from commercial-sized g a s i f i c a t i o n  opera t ions .  It is important t o  
emphasize t h a t  the e f f e c t s  of concern may develop over a period of s eve ra l  
decades, o r  even cen tu r i e s .  This i s  a consequence of t he  r e l a t i v e l y  slow 
t ranspor t  of contaminant ma te r i a l s  through t h e  slow-moving ground-water sys- 
tem. It is, the re fo re ,  e s s e n t i a l  t o  develop q u a n t i t a t i v e  p r e d i c t i v e  capabi l -  
i t i e s  based on a thorough understanding of t h e  contaminant source and i t s  
chemical and phys ica l  evolu t ion .  The cu r ren t  water-sampling a c t i v i t i e s  a r e  
aimed primary a t  source d e f i n i t i o n  while t h e  l abora to ry  s t u d i e s  focus  on pro- 
viding d a t a  on po l lu t an t  leaching  and t r anspor t .  

The water q u a l i t y  f i e l d  da t a  were obtained p r i n c i p a l l y  from a s e r i e s  of 
wells completed i n t o  the F e l i x  I1 c o a l  and provided with pumps (Fig.  1 ) .  The 
des igna t ions  EM, DW and OW i n  Fig. 1 a r e  abbrev ia t ions  f o r  environmental moni- 
t o r ing  w e l l ,  dewatering w e l l  and observa t ion  we l l ,  r e spec t ive ly .  

The curve surrounding the  i n j e c t i o n  and production w e l l s  i n  Fig. 1 shows 
the estimated ex ten t  of coa l  g a s i f i e d  a s  deduced from thermocouple d a t a . ( l )  
DW-4 l i e s  wi th in  two f e e t  of the g a s i f i c a t i o n  boundary and hence provides  a 
close look a t  the important reg ion  j u s t  ou t s ide  t h e  burn zone. 
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Figure 2(3) is u s e f u l  i n  i n t e r p r e t i n g  the  water -qua l i ty  d a t a  obta ined  a t  
Hoe Creek. I n  agreement wi th  t h i s  model of t he  undergound source ,  a v a r i e t y  
of inorganic m a t e r i a l s  have been found i s s u i n g  from wi th in  the burn boundary 
and a high l e v e l  of organics  ( p a r t i c u l a r l y  phenolic ma te r i a l )  t h a t  appears t o  
be concentrated i n  a t h i n  r i n g  t h a t  surrounds t h e  burn zone. 

EXPERIMENTAL 

De ta i l s  of t he  w e l l  pumping and sampling procedures used i n  t h e  f i e l d  a r e  
given elsewhere(4).  
l abo ra to ry  were preserved us ing  w e l l  known methods(5.6). 
f i e l d  measurements were immediately r e f r i g e r a t e d  and usua l ly  analyzed wi th in  
an hour of sampling. Methods and procedures used f o r  analyses of t h e  samples 
a r e  found i n  r e fe rences  5-8. 

De ta i l s  of the appa ra tus ,  procedure and a n a l y s i s  methods f o r  both the  ash  
leaching and p o l l u t a n t  t r anspor t  experiments a r e  given i n  r e fe rence  9 . .  A 
schematic of t h e  coa l  coluum appara tus  used for t he  p o l l u t a n t  t r a n s p o r t  experi-  
ments i s  shown i n  F igure  3. 

Water samples t h a t  were t o  be f u r t h e r  analyzed i n  the 
Water samples f o r  

RESULTS AND DISCUSSION 

A. F ie ld  Measurements 

P regas i f i ca t ion  (base l ine  d a t a )  

P r io r  to  g a s i f i c a t i o n ,  water from we l l s  i n  the  F e l i x  I1 coa l  seam and in  
the  overburden were sampled t o  provide base l ine  d a t a  wi th  which t o  compare 
g a s i f i c a t i o n  and pos t -gas i f i ca t ion  water ana lyses .  The r e s u l t s  of t h e  base- 
l i n e  da ta  fo r  t he  F e l i x  I1 coa l  seam are presented  i n  Table 1. Note t h a t  t he  
p r inc ipa l  ca t ions  a r e  calcium, magnesium, potassium and sodium; the anions a r e  
bicarbonate,  s u l f a t e  and ch lo r ide .  On a n  equiva len t  bas i s ,  t hese  seven spec ies  
balance ( i . e . ,  form an e l e c t r i c a l l y  n e u t r a l  s o l u t i o n )  t o  wi th in  3%. 

i n  the range 0-2 ppb, and the d isso lved  organic  carbon (DOC) is between 3 and 
8.5 ppm. 
between hydrophobic and hydrophi l ic  compounds. Resu l t s  from f u r t h e r  f rac t iona-  
t i o n  of t h e  DOC i n t o  a c i d ,  base,  and n e u t r a l  compounds a r e  d iscussed  i n  r e f s .  
4 and 10 .  

(p re -gas i f i ca t ion )  show the  presence of t r a c e  amounts of low-molecular-weight 
chain hydrocarbons (C -C12) a s  wel l  a s  s i m p l e  a romat ics  such a s  benzene, t o l -  
uene and xylenes ( 8 y 1 0 j .  

The amount of methane d isso lved  i n  the  c o a l  seam water w a s  approximately 
11 f 4 mg/l, p re -gas i f i ca t ion .  A s  might be expected, t h i s  va lue  was r e l a t i v e l y  
high s i n c e  coa l  seams o f t e n  n a t u r a l l y  conta in  l a r g e  q u a n t i t i e s  of free-methane. 
Water from l o c a l  ranch wel l s ,  which a r e  not  completed i n t o  the  c o a l  seam, con- 
ta ined  undetec tab le  amounts of methane (10.2 mg/ l ) .  

Gas i f i ca t ion  

The concen t r a t ion  of phenol ic  m a t e r i a l  p resent  before  g a s i f i c a t i o n  i s  

Frac t iona t ion  of the DOC g ives  an approximately 50/50 d i s t r i b u t i o n  

Q u a l i t a t i v e  GC-MS da ta  f o r  the v o l a t i l e  organic  spec ies  i n  t h e  water 

Although the major emphasis of t h i s  study i s  on the eva lua t ion  of t he  
pos t -gas i f i ca t ion  ground-water contaminant source ,  we a l s o  analyzed water from 
s e v e r a l  of the monitoring we l l s  during t h e  g a s i f i c a t i o n  process.  
provided an es t imate  of t he  r a t e  of contaminant buildup i n  t h e  coa l  which sur -  
rounds the g a s i f i e r ,  a s  w e l l  as t h e  approximate a r e a l  ex ten t  of the contamina- 
t i o n  a s  a func t ion  of time. 

These d a t a  
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TABLE 1 

Resu l t s  of water ana lyses  be fo re ,  during,  and a f t e r  t he  Hoe Creek I experiment. 
The b a s e l i n e  da t a  r ep resen t  an average o f  ana lyses  from 7 w e l l s  completed i n t o  
t h e  F e l i x  I1 c o a l  seam. Only "during" and "a f t e r "  d a t a  f o r  EM-1 (100 f t  from 
burn boundary) and DW-1 (10 f t  from burn boundary) are shown h e r e  s i n c e  they  
t y p i f y  the  gene ra l  t r ends  observed wi th  i n c r e a s i n g  r a d i a l  d i s t a n c e .  Also 
given a r e  pos t -gas i f i ca t ion  d a t a  f o r  i n s i d e  the  burn boundary. Data f o r  182 
and 280 days fol lowin a s i f i c a t i o n  and complete d a t a  f o r  a l l  o t h e r  w e l l s  are 
summarized elsewhere(  u 0 

I n s i d e  Outside Bum Boundary 
Burn DW-1 E e l  

Pre-Gasif . Boundary (10 f t . )  (100 f t . )  
Conc. Basel ine ( I n j e c t i o n  Well) During Post  During Post  

Species  Un i t s  Dataa Post-Gasif. Gas i f .  Gasif .  Gasif .  Gasif .  
83d 3d 83d 3d 83d 

Alkal .  m n / l  407 f 30 63 595 693 430 837 686 636 

Al f3  P d l  

A s  +3 vgI1  

Ba +2 MI1 
HCO; mg/l 

B+3 v g / l  

Br- mg/l 

Cd+' u g l l  

Ca +' mg/l 

CO~;' mg/l 

c1- mg/ 1 

m- mg/l 

Fe d i s s .  u g / l  

Pb" p g / l  

Li+ mg/l 

Mg+' mg/l 

NH4 as N mg/l 

NO2 as N mg/l 

NO3 a s  N mg/l 

Phenols p g / l  

K+ mg/l 

D i s s .  
So l id s  mg/l 

N a  + mg/l 

SO-' mg/l 

S-2 mg/l 

Zn +2 l l g l l  

+ 

CH,, mg/l 

0 - 10 

0 - 1  

100 t 100 

496 f 40 

86 t 30 

0 - 0.1 

0 

36 f 1 0  

0 

1 3  f 5 

0.00 - 0.01 

0 - 10 

0 - 1  

34 + 5 

10 f 4 

0.55 f 0.05 

0.00 

0.02 f .01 

1 2 1  

5.4 f 0.5 

703 f 70 

214 f 15 

154 f 80 

0.3 f 0.2 

224 f 200 

11.5 t 4 

2 20 

8 

0 

0 

710 

1.0 

0 

5 70 

24 

37 

0.43 

30 

1 

310 

1 9  

1 9  

0.00 

0.01 

41  

57 

3390 

320 

2200 

4.0 

1 0  

1.8 

0 1 0  

1 1  

200 600 

725. 845 

90 110 

0.2 0.3 

0 0  

35 110 

0 0  

1 0  1 0  

7.0 48 

380 37000 

2 0  

30 50 

8 . 1  28 

0.49 2.1 

0.00 0.00 

0.19 0.01 

15 1000 

4.3 7.5 

699 989 

240 350 

37 67 

0.7 1.1 

50 20 

4 . 2  0.4 

20 

0 

0 

524 

360 

0.7 

0 

220 

0 

22 

0.14 

1700 

0 

190 

55 

20 

0.00 

0.07 

340 

25 

2020 

310 

1000 
- 

1200 
- 

0 

0 

0 

1020 

90 

0.0 

1 

110 

0 

6.6 

4 .O 

4400 

2 

50 

26 

0.80 

0.00 

0.01 

83 

7.7 

1170 

330 

250 

0.3 

120 

CQ.2 

1 0  1 0  

0 1  

0 1  

836 776 

90 70 

0.1 0 .1  

0 .1 

100 78 

0 0  

7.4 9.5 

5.0 0.01 

18000 160 

2 7  

50 50 

26 1 8  

0.77 0.84 

0.00 0.00 

0.01 0.02 

15  2 

7.7 6 .1  

1240 1050 

320 310 

320 310 

2.6 0.6 

30 20 

35.0 - 
~~ 

aThe t va lues  i n d i c a t e  t h e  approximate range of t h e  r e s u l t s  f o r  t h e  seven b a s e l i n e  
wells. 



Ign i t ion  took p l ace  October 15, 1 9 7 6  and g a s i f i c a t i o n  continued f o r  ap- 
proximately 11 days. 
f i e d ,  producing 19 MMSCF of gas  (13.2 MMSCF dry)  having an average h e a t i n g  
va lue  of 110 Btu/scf (1,Z). On t he  seventh day of g a s i f i c a t i o n ,  water samples 
were pumped from several of t h e  w e l l s  ou t s ide  the  g a s i f i c a t i o n  burn boundary. 
Data from t h e  a n a l y s i s  of two samples (DW-1 and EM-1) a r e  summarized i n  Table 1 
and compared with cond i t ions  p r i o r  t o  and fo l lowing  g a s i f i c a t i o n .  

only seven days a t  t h e  t i m e  of t h i s  sampling, t he  g a s i f i c a t i o n  process  had 
begun to  a f f e c t  t h e  water q u a l i t y  a t  d i s t a n c e s  up t o  100 f e e t  from t h e  burn 
zone. I n  p a r t i c u l a r ,  l a r g e  inc reases  i n  CN-, phenols and e l e c t r i c a l  conduc- 
t i v i t y  were observed. 

d i s t r i b u t i o n  of DOC (as determined from f r a c t i o n a t i o n  measurements) remained 
approximately the  same as  t h a t  observed i n  t h e  base l ine  s tudy( lO) .  The con- 
cen t r a t ion  of methane p resen t  i n  t h e  water  dropped from 11 m g / l  t o  below 
de tec t ab le  l i m i t s  (<0.2 mg/l) i n  a l l  t h e  w e l l s  monitored. Thus, t h e  amount of  
d i sso lved  CH4 i n  t h e  water  appears  t o  be  very  s e n s i t i v e  t o  pe r tu rba t ions  o f  
t he  n a t u r a l  ground-water system. 

Pos t -Gas i f ica t ion  

During t h a t  pe r iod ,  n e a r l y  130 tons  of coa l  were gasi-  

It i s  i n t e r e s t i n g  to  no te  t h a t  although g a s i f i c a t i o n  had proceeded f o r  

Although t h e  t o t a l  amount of DOC a l s o  increased  dur ing  g a s i f i c a t i o n ,  t h e  

Water sampling a t  the  Hoe Creek s i t e  w a s  c a r r i e d  ou t  a t  pe r iods  o f  3 ,  
83, 1 8 2  and 280 days fo l lowing  g a s i f i c a t i o n .  (Only p a r t  of the  d a t a  are cur- 
r e n t l y  a v a i l a b l e  f o r  t h e  most r ecen t  (280-day) sampling expedi t ion . )  Shown i n  
Table 1 a r e  t y p i c a l  ana lyses  f o r  i n s i d e  ( I n j e c t i o n  Well) and o u t s i d e  (DW-1 and 
EM-1) the  burn-boundary. 
where(l0).  
l a r g e  changes fo l lowing  g a s i f i c a t i o n  have been p l o t t e d  a s  a func t ion  of d i s -  
tance from the  burn-boundary (Figure 4-7 ) .  This  method of d i sp l ay ing  the  d a t a  
impl ies  t h a t  the i n i t i a l  release of contaminants is independent of d i r e c t i o n  
( cy l ind r i ca l  symmetry). This  is no t  exac t ly  t rue ,  of  course,  bu t  t h e  r e s u l t s  
suggest t h a t  i t  is  a u s e f u l  s impl i f i ca t ion .  The assumption of c y l i n d r i c a l  
symmetry appears t o  be q u i t e  v a l i d  f o r  t he  w e l l s  i n  t he  c lose  proximity t o  t h e  
burn boundary (i .e. .  t h e  DW w e l l s ) ,  b u t  a t  l a r g e  r a d i a l  d i s t ances  ( t h e  outer -  
most EM we l l s )  t he  d a t a  sugges t  t h a t  t h e  contaminants move more e a s i l y  i n  t h e  
d i r e c t i o n  of h ighes t  pe rmeab i l i t y  (N59E, See Fig.  1) ( 4 ) .  

E l e c t r i c a l  Conduct iv i ty ,  Temperature and pH 

Complete d a t a  f o r  a l l  o t h e r  w e l l s  a r e  g iven  else- 
Data f o r  some of t h e  contaminants and c h a r a c t e r i s t i c s  showing 

An inc rease  i n  e l e c t r i c a l  conduct iv i ty  i s  a good measure of t h e  inc rease  
in i o n i c  species as a r e s u l t  o f  g a s i f i c a t i o n .  Our r e s u l t s  show approximately 
a 2-fold inc rease  i n  conduc t iv i ty  wi th in  10 f e e t  of t h e  burn boundary, w i th  a 
r ap id  drop o f f  t o  n e a r l y  b a s e l i n e  va lues  a t  a d i s t a n c e  of 100 f t  (F ig .  4). 
Also, there  is a con t inu ing  drop i n  conduc t iv i ty  between t h e  83 and 280-day 
sampling per iod .  
nan t  so rp t ion  by t h e  coa l .  I n s i d e  t h e  burn boundary, t h e  so lub le  c o a l  a sh  
spec ie s  produce a h igh ly  conductive s o l u t i o n  (3500 pmho/cm). 

As might be expec ted ,  t h e  t o t a l  d i sso lved  s o l i d s  (TDS, the  r e s idue  a t  
18OOC) fo l lows  c l o s e l y  the  changes observed i n  e l e c t r i c a l  conduct iv i ty .  
TDS l e v e l  decreases  from -2000 mg/l a t  10 f t  from t h e  burn boundary t o  -900 
mg/l a t  100 f t .  

A s  w i l l  be shown la ter ,  t h i s  may b e  an i n d i c a t i o n  of contami- 

The 

I n s i d e  the  g a s i f i e d  zone, TDS reaches  a va lue  nea r  3400 mg/l .  
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The measured temperature grad ien t  nea r  t h e  g a s i f i e r  was q u i t e  l a r g e  
3 days a f t e r  g a s i f i c a t i o n  (Fig.  4 ) .  Afte r  83 days,  t h e  system had evolved t o  
a r a the r  slowly vary ing  s ta te  w i t h  a much sma l l e r  temperature g rad ien t .  This 
approach t o  thermal equi l ibr ium i s  probably d r iven  by convection nea r  t h e  gas- 
i f i c a t i o n  s i te .  In a la ter  sec t ion ,  i t  i s  shown t h a t  t he  mixing caused by 
convection produces a r a t h e r  l a r g e  change i n  t h e  nea r -gas i f i e r  contaminant 
d i s t r i b u t i o n  immediately fo l lowing  g a s i f i c a t i o n .  

The pH of t h e  water remains near 7.0 a t  po in t s  sampled o u t s i d e  t h e  burn 
boundary. In s ide  the burn zone, the  d i s s o l u t i o n  of metal ox ides  remaining i n  
t h e  ash produces a high pH so lu t ion  (-10 - 10.5).  
very c lose  t o  t h a t  p red ic ted  by our  r ecen t  l abora to ry  ash-leaching experiments 
( see  next s e c t i o n  and r e f .  9 ) .  

The measured a l k a l i n i t y  of the  water a t  f i r s t  appears  t o  c o n t r a d i c t  t h e  
observed pH values:  i n s i d e  the  burn zone, the  a l k a l i n i t y  is lower (60 mg/l) 
than it i s  ou t s ide  the  burn zone (400-600 mg/l).  This  apparent con t r ad ic t ion  
r e s u l t s  from the  f a c t  t h a t  whereas pH is a measure of a s p e c i f i c  ion concen- 
t r a t i o n  (€?or OH-),  a l k a l i n i t y  is a measure of t h e  a b i l i t y  t o  n e u t r a l i z e  a c i d s ,  
and hence inc ludes  not on ly  OH- bu t  a l s o  such spec ie s  as HCO? and 1253. The 
a l k a l i n i t y  of water samples taken o u t s i d e  t h e  burn zone i s  almost t o t a l l y  due 
t o  the  presence of high concent r  t i o n s  of b icarbonate  ion. I n s i d e  the gas- 
i f i c a t i o n  zone, on ly  OH- and CO?' con t r ibu te  t o  t h e  a l k a l i n i t y  and, because 
they a r e  present  i n  much lower molar concent ra t ions ,  they produce a much lower 
a l k a l i n i t y  (Table 1).  

This  observed pH va lue  is 

Cation Spec ies  

The concent ra t ions  of many of t h e  c a t i o n  spec ie s  - p a r t i c u l a r l y  Mg+2, 
ca+2, Li+l,  NHX, and K+ - increased  as a r e s u l t  of t h e  g a s i f i c a t i o n  process .  
The metal  i o n s  presumably come from t h e  a sh  m a t e r i a l  remaining i n  t h e  burned- 
ou t  zone, whereas the  observed inc reases  i n  $ probably r e s u l t  from t h e  
evolu t ion  of NH3 dur ing  t h e  g a s i f i c a t i o n  process .  Ammonia i s  a commonly 
observed coa l  py ro lys i s  product.  

t i on  of d i s t ance  from the  g a s i f i c a t i o n  boundary f o r  d i f f e r e n t  sampling times 
following g a s i f i c a t i o n .  The f a c t  t h a t  log-log o r  semi-log s c a l e s  have been 
used i s  not  meant t o  imply a p a r t i c u l a r  r e l a t i o n s h i p  between concen t r a t ions  
and rad ius .  
l a rge  range of va lues  on a s i n g l e  p l o t .  

The convective mixing t h a t  occurs as water re -en ters  the  g a s i f i c a t i o n  
zone causes a r e d i s t r i b u t i o n  of so lub le  a sh  spec ie s  i n t o  the  sur rounding  c o a l  
seam. This accounts f o r  t he  observed inc reases  i n  metal ion  concent ra t ions  
which occur between the  3-day and 83-day pos t -gas i f i ca t ion  sampling per iods  
(Fig. 5). 

than i t  i s  ou t s ide .  This apparent  anomaly i s  as soc ia t ed  wi th  t h e  suppress ion  
of the Mg(OH)2 s o l u b i l i t y  due t o  the  h igh  pH i n s i d e  t h e  burn boundary. 
s o l u b i l i t y  product of Mg(0H)z is 1.2 X 10-11 moles 3/13 a t  18OC. 
Mg+2 concent ra t ion  of 18 mg/l, as measured i n s i d e  t h e  burn zone, (F ig .  5) can 
only e x i s t  i n  a s o l u t i o n  of pH 510.1, which i s  wi th in  experimental  e r r o r  of 
the  measured va lue  (10.3). The h igher  concen t r a t ions  of Mg+2 t h a t  occur  out- 
s i d e  the  burn boundary ev iden t ly  r e s u l t e d  from mixing a t  a t i m e  when t h e  pH 
w a s  s l i g h t l y  lower, s p e c i f i c a l l y  pH 5 10.  

(e.g. ,  B+3, Li') is q u i t e  similar t o  t h a t  shown here  f o r  Mg+2, Ca+z and K+. 
Furthermore, a l l  spec ie s  showed the  e f f e c t s  of t he  convective mixing t h a t  
occurred s h o r t l y  fo l lowing  g a s i f i c a t i o n .  

Figures 5 is  a p l o t  of Ca+2, Mg+2, K+ and NHt concen t r a t ions  a s  a func- 

These scales were chosen simply f o r  convenience i n  showing a 

The Mg+2 concen t r a t ion  i s  found t o  be lower i n s i d e  the  burn boundary 

The 
Hence, a 

The v a r i a t i o n  i n  concent ra t ion  wi th  d i s t a n c e  observed f o r  o t h e r  ca t ions  
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Other c a t i o n  spec ie s  t h a t  showed some measurable inc reases  i n  concentra- 
t i o n  as a r e s u l t  of g a s i f i c a t i o n  a r e  Al+3, A d 3  and Ba+2. 
on ly  a few c lose- in  w e l l s  showed inc reases  i n  these  spec ie s .  

t h e  burn zone. This  ag rees  wi th  l abora to ry  experiments,  which showed t h a t  
aluminum is ve ry  s t rong ly  adsorbed by coa l (3 ) .  Hence, any swept o u t  from 
t h e  burn zone i n t o  the  coa l  bed would be  expected t o  be  quick ly  adsorbed. 

and 2 f t  o u t s i d e  (DW-4, 2 1  mg/ l ) ;  a l l  o t h e r  w e l l s  remained a t  base l ine  levels. 

d i a t e l y  fo l lowing  g a s i f i c a t i o n  ( i . e . ,  dur ing  t h e  3-day pos t -gas i f i ca t ion  samp- 
l i n g ) .  It w a s  no t  de t ec t ed ,  however, dur ing  t h e  pos t -gas i f i ca t ion  sampling 83 
days l a t e r .  
c reased  a p p r o x i 2 b e l y  5 - 20 fo ld  and Ba+’ i s  probably p r e c i p i t a t e d  as Bas04 
(Ksp = 1.0 X 10  
no s i g n i f i c a n t  i nc rease  i n  heavy metals as a r e s u l t  of g a s i f i  a t ‘ o n .  In 
p a r t i c u l a r ,  no l a r g e  i n c r e a s e  i n  l ead  o r  mercury w a s  de tec tedSl0f .  

In gene ra l ,  however, 

Aluminum w a s  de t ec t ed  at above b a s e l i n e  l e v e l s  (220 p g / l )  9 i n s i d e  

Arsenic showed an inc rease  i n  concen t r a t ion  i n s i d e  the burn zone (8 mg/l) 

Barium was observed a t  above-baseline concent ra t ions  i n  w e l l  DW-4 imme- 

This is q u i t e  reasonable,  s i  ce the  SOZZconcentration had in- 

moles 2 / l i t e r 2  a t  18°C). Pos t -gas i f i ca t ion  ana lyses  showed 

Anion Species 

The anions inc luded  i n  the  ana lyses  are l i s t e d  i n  Table 1. Large in- 
creases i n  concen t r a t ion  were observed f o r  S0z2 and CN- (Fig.  6 ) .  
a l s o  increased  and i n  gene ra l  showed t h e  same behavior as SOJ2. 

i nc rease  i n  SO;’ concen t r a t ion  between 3 days and 83 days fo l lowing  gas i f i ca -  
t i o n  (Fig. 6 )  probably a l s o  r e s u l t s  from the  mixing induced by convection 
s h o r t l y  fo l lowing  t h e  process .  

i f i c a t i o n  (3  days).  However, by 83 days a f t e r  g a s i f i c a t i o n ,  t h e  concent ra t ion  
had dropped approximately t h r e e  o rde r s  of magnitude, reaching  background l e v e l s  
a t  100 f t  from the  burn  zone. Subsequent ana lyses  (182 and 280 days) have 
shown a cont inuing  drop i n  C N  concent ra t ion .  It i s  probable t h a t  CN- is be ing  
adsorbed by the  coa l .  Laboratory experiments are c u r r e n t l y  under way t o  examine 
t h e  magnitude of CN- s o r p t i o n  by coa l .  

Increased  concent ra t ions  of n i t r a t e s  and n i t r i t e s  were n o t  observed 
du r ing  the  pos t -gas i f i ca t ion  sampling. 

Bromide ion 

The observed The a sh  b d i s  t h e  major source  of increased  SO:’ and Br-.  

CN was observed i n  very  high concent ra t ions  immediately fo l lowing  gas- 

Phenols and o t h e r  Organic Mater ia l s  

The measured pos t -gas i f i ca t ion  d i s t r i b u t i o n  o f  phenol ic  materials is  
p l o t t e d  i n  F igure  7. The h ighes t  concen t r a t ion  observed w a s  450 mg/l, t h r e e  
days fo l lowing  g a s i f i c a t i o n  at  a d i s t a n c e  of 2 f t  from the  burn boundary (wel l  
DW-4). The concen t r a t ion  f a l l s  o f f  very  sha rp ly  wi th  r ad ius .  I n s i d e  the  burn 
zone, the phenol ic  concen t r a t ion  is only  0.041 mg/l (Table 1). 

g a s i f i c a t i o n  sampling pe r iods .  The concen t r a t ion  o f  phenols has  decreased  
approximately one o r d e r - o f  magnitude over  t h e  182 days s ince  g a s i f i c a t i o n .  
The drop i n  concen t r a t ion  of phenol ic  m a t e r i a l s  i s  probably t h e  r e s u l t  o f  
so rp t ion  by the  coa i (399) .  
same genera l  t rend  observed f o r  the phenol ic  mater ia l -  w e l l s  c l o s e  t o  t h e  
burn boundary had much h igher  DOC l e v e l s .  F rac t iona t ion  o f  the DOC i n t o  hydro- 
phobic and hydroph i l i c  groups of a c i d s ,  bases  and n e u t r a l s  i s  d iscussed  in more 
d e t a i l  i n  r e f s .  4 and 10. 

Many of t he  w a t e r  samples obta ined  a t  Hoe Creek were analyzed f o r  vola- 
t i l e  and semi-vola t i le  organics  using GCMS. Analysis f o r  v o l a t i l e  o rgan ic s  i n  
pos t -gas i f i ca t ion  w a t e r  samples shows an abundance of lower molecular weight 
polyaromatic and s u b s t i t u t e d  aromatic compounds. 

Also p l o t t e d  i n  F igure  7 ,  a r e  d a t a  from t h e  83, 1 8 2 ,  and 280-day post-  

The d isso lved  o rgan ic  carbon ana lyses  showed t h e  

A s  many as 200 d i f f e r e n t  
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Table 2 .  Comparison of l abora to ry  and f i e l d  measurements of va r ious  
contaminants o r i g i n a t i n g  from ash. 

F i e l d  measurements (83d) 
(sampling w e l l  Laboratory Leaching Expts 

570 645 630 411 

Na+ (wm) 320 207 196 193 

Characteristic i n  a sh  bed) l0OO0C ll0O0C 1200°c 

C a  (ppm) 
+2 

K+ (ppm) 57 9.7 8.9 7.7 

Fe+3 (ppm) .030 <. 5 - - 

fi+3 (ppm) .220 33 3.9 <. 50 

Mg” (a) (ppm) 19  .o (26.0) . (35) 62 

SO;’ (ppm) 2200 2193 2010 1667 

- - 0 a . 0  
+2 

Ba (ppm) 

PH 10-10.5 10-11 10.5 7.5-8.0 

Conductivity 
(umholcm) 3500 3450 3100 2850 

aSee d iscuss ion  in t e x t  concerning Mg” s o l u b i l i t y  a t  high pH. 

spec ies  (not  de t ec t ed  i n  the  p re -gas i f i ca t ion  samples) have been q u a n t i t a t i v e l y  
i d e n t i f i e d  in  the  water w e l l s  c lo se  t o  t h e  g a s i f i c a t i o n  zone. 

A comparison of the  v o l a t i l e  spec ie s  i n  t h e  product  tar wi th  those  found 
in t he  water show some similarities. These s i m i l a r i t i e s  a r e  b e s t  demonstrated 
when the  chromatograms of two water samples- one approximately 45 f e e t  from 
the  burn, and another  5 f e e t  from t h e  burn - are compared wi th  a chromatogram 
of the  product tar. The r e s u l t s  show t h e  marked decrease  i n  h igh-boi l ing ,  
high-molecular-weight material a t  po in t s  f u r t h e r  from t h e  g a s i f i c a t i o n  zone. 
In p a r t i c u l a r ,  the  concent ra t ion  of xy lenes ,  o t h e r  s u b s t i t u t e d  benzenes,  indenes 
indans,  and naptha lenes  is observed t o  decrease  s i g n i f i c a n t l y  a t  t h e  g r e a t e r  
d i s t ance  from the  g a s i f i c a t i o n  zone. The r eade r  i s  r e f e r e d  t o  r e f e r e n c e s  4 ,  
8 and 10 f o r  more d e t a i l s  on the  GCMS a n a l y s i s  of  t hese  w a t e r  samples. 

B. Laboratory Ash Leaching and Phenol Transpor t  Experiments 

Details of a series of experiments dea l ing  wi th  coa l  ash  l each ing  and 
t r anspor t  of p o l l u t a n t s  near an i n - s i t u  g a s i f i e r  a r e  given i n  Ref. 9 .  In 
t h i s  paper we summarize some of t h e  important r e s u l t s  of t h a t  work which 
relate to the  above f i e l d  measurements. 

Ash Leaching 

Subbutuminous c o a l  ash samples hea t  t r e a t e d  t o  1000, 1100 and 1200’C were 

The l abora to ry  r e s u l t s  a;e compared wi th  t h e  c a t i o n  and 
water leached and the  l eacha te  analyzed f o r  Ca+2 a+?-, fl, Na+ and OH-. 
anion concent ra t ion  da ta  from the f i e l d  measurements i n  Table 2 .  Except f o r  
K+ and Al+3 t h e  agreement between t h e  l abora to ry  and f i e l d  d a t a  is exce l l en t .  
This good c o r r e l a t i o n  sugges ts  t h a t  plume d i spe r s ion  ca l cu la t ions (3 )  c a r r i e d  
ou t  using l abora to ry  leaching  da ta  f o r  i npu t  may be a b l e  t o  accu ra t e ly  p red ic t  

SO;’, Fe+3, Ba+*, 
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po l lu t an t  t r a n s p o r t  from an underground g a s i f i c a t i o n  site. Curren t ly  experi-  
ments are i n  progress  t o  genera te  f u r t h e r  l abora to ry  d a t a  t h a t  can be  used i n  
modeling p o s t - g a s i f i c a t i o n  plume development. 

Phenol Transpor t  Through Coal 

Phenolic materials a r e  one of t h e  major o rgan ic  p o l l u t a n t s  a s soc ia t ed  
wi th  i n - s i t u  coa l  g a s i f i c a t i o n .  
measured i n  the  groundwater (Fig.  7) .  Transport  of t hese  material away from 
t h e  g a s i f i c a t i o n  s i t e  pose a p o t e n t i a l  long t e r m  p o l l u t i o n  hazard  (Fig.  2 ) .  

column of subituminous c o a l  and measured t h e  abso rp t ion  of t h e  material on  the  
c o a l  mat r ix  (Fig.  8 ) .  The flow r a t e  w a s  101 m/yr and the  d i s t r i b u t i o n  coe f f i -  
c i e n t  (Q) was c a l c u l a t e d  t o . b e  approximately 40. This  very s t r o n g  adsorp t ion  
of phenol on  coa l  is i n  agreement wi th  s ta t ic  experiments (h = 30-40) and wi th  
f i e l d  observa t ions  (See Fig.  7) .  It w a s  a l s o  found t h a t  the  movement of t h e  
phenol ic  s o l u t i o n  through the  coa l  column is accura t e ly  p red ic t ed  us ing  a one- 
dimensional t r anspor t  model. Resul t s  from these  and o the r  t r a n s p o r t  exper i -  
ments are given i n  r e f .  9. 
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Fig. 3. Schematic of coal column 
apparatus used t o  simulate flow 
of  contaminated water through 
coal. 
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Fig. 2. Plan view of post-gasification 

burn region (a) and the plume that 
develops as a result of ground-water 
flow (b). 
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Fig. 4. Electrical conductivity and temperature 
as a function of distance from the gasification 
burn boundary. The arrows near the ordinate 
indicate values meawred inside the burn 
boundary. 
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Distance from burn boundary (h) 

Fig. 5. Concentration of Ca+** Mg+*, NH,' and K' 
as a function of distance from the gasification 
burn boundary. The arrows near the ordinate 
represent values inside the burn boundary. 
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Fig. 6. Cyanide and sulfate concentration as a 
function of distance from the gasification 
burn boundary. The arrows near the ordinate 
represent values inside the burn boundary. ' 
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Fig. 7. Concentration of phenolic material 
as a function of distance from the burn 
boundary. 

106 

Time (hours) 

Fig. 8. Phenol breakthrough curves calculated (-1 
and measured at various distances (shown on 
figure) along a 1.5 rn packed column of sub- 
bituminous coal. The coal column i s  shown in 
Fig. 3. The concentration of the phenol solution 
was 600 ppm; the solution was pumped through 
the column at a linear velocity of 101 m/yr. 
The average particle size of the coal was 0.71 cm. 
Further details are given in the text and in ref 9. 


